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.2013.01Abstract Greenhouse experiments were carried out to determine the potential capability of maize
plants to remediate atrazine-contaminated soil. The potted sandy loam soil was treated with atra-
zine (Gesaprim 90%WG) at 0.5 and 1.0 ppm then was planted immediately with maize. After 15,
30, 45 and 60 days from sowing, maize plants were cut and discarded. Wheat seeds were sown in
treated soil to determine atrazine residues. Untreated soil and soil unplanted with maize served
as controls. Seven days after sowing, the shoot and root lengths of wheat seedlings were measured.
The results indicated that shoot and root lengths of wheat in the treated-soil previously planted with
maize were taller than the treated-unplanted soil. Persistence percentage of atrazine in the treated
soil was estimated by determining the residues of atrazine by Gas Liquid Chromatography
(GLC). The obtained data showed that residues of atrazine were less in soil planted with maize com-
pared with unplanted soil. Considerable concentrations of atrazine, i.e., 0.99 ppm and 0.14 ppm
were detected in sterilized unplanted or planted soils with maize after 30 days of sowing, respec-
tively. While these values, were 0.38 ppm and 0.09 ppm in sterilized unplanted or planted soil with
maize after 60 days of sowing, respectively. This study demonstrated that residues of atrazine were
reduced in faster rate in contaminated soil planted with Zea mays than the unplanted soil. Results
indicated that Z. mays was useful for phytoremediation of soils contaminated with atrazine.
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Pesticides are used in the control of pests of man, animals and
plants with the result that many of these chemicals reach the115232475.
m (S.I. Ibrahim).
lty of Agriculture, Ain-Shams
g by Elsevier
e, Ain Shams University. Producti
.010soil and persist for long periods causing harm to live organ-
isms. The worldwide application of herbicides for agricultural
and nonagricultural purposes, results in signiﬁcant environ-
mental pollution. It is necessary to develop sustainable and
environmental friendly techniques in order to remediate this
pollution. Phytoremediation is a technique that could poten-
tially aid the restoration of polluted soil. Yao et al. (2009) men-
tioned that phytoremediation is a method of cleaning up
pollutants from the environment by plants. Phytoremediation
has the advantages of low cost, saving land resources and no
secondary pollution. So there is a bright future for the phyto-
remediation of contaminated soils.on and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
70 S.I. Ibrahim et al.We conducted this study to investigate the potential of
using maize plant as tools for the remediation of atrazine-con-
taminated soil.
Materials and methods
Tested herbicide
Atrazine (Gesaprim 90% W.G), 6-chloro-N2-ethyl-N4-isopro-
pyl-1,3,5-triazine-2,4-diamine was obtained from Syngenta
Company. It is a selective systemic herbicide used for the
pre-and post-emergence control of annual grasses and broad-
leaf weeds in a variety of cultivated crops.
Soil used
Sandy loam soil was used in this study which obtained from
Soils and Water Department, Faculty of Agriculture (Cairo),
Al-Azhar University. The soil was air dried and passed
through a 2-mm sieve to remove stones and any plant resi-
dues. It was divided into two parts; the ﬁrst was autoclaved
at 120 C with pressure of 1.2 bars for 30 min in three
consecutive days to avoid the role of microorganisms in deg-
radation of the herbicide; and the second part was
unsterilized.
Plants used for study
To initiate a phytoremediation process, the ﬁrst step is to
evaluate the tolerance of selected species to its contaminant.
The experiment was conducted in Plant Protection Depart-
ment, Faculty of Agriculture (Cairo), Al-Azhar University
to select tested herbicide-tolerant plant for use in phytoreme-
diation process. Phytotoxicity test of several plants, i.e.,
maize (Zea mays), wheat (Triticum astivum), sweet sorghum
(Sorghum saccharatum), oat (Avena sativa), bitter and sweet
lupine (Lupinus termis), soybean (Glycine max) and radish
(Raphamus sativus) was carried out to determine the tolerant
and sensitive plant to the tested herbicide. The tolerant plant
was used in phytoremediation, while the sensitive plant was
used in bioassay.
Phytotoxicity test
The sensitivity of several plant species to atrazine was esti-
mated in agar medium according to a method described by
El-Nawawy et al. (1972). The appropriate amount of the
tested herbicide stock solution was added to warm agar solu-
tion (45 C) to obtain concentrations of 0.001, 0.01, 0.1, 0.25,
0.5, 1.0 ppm, and water agar solution served as control.
About 20 ml of the ﬁnal solution was poured in each of ﬁve
test tubes (15 · 1.5 cm). After solidiﬁcation of agar solution,
selected germinating seeds of each plant species were sown in
the solidiﬁed agar (one germinating seed/tube). The tubes
were incubated at 25 C for 10 days. The lengths of shoot
and root were measured. The reduction percentage (%R)
was calculated according to the following formula:
% R ¼ 100 ðA=B=100Þ
where A is the length of shoot or root of treated seedlings and
B is the length of shoot or root of untreated seedlings.Effective concentration that gives 50% reduction (EC50)
was determined and used as parameter to compare phytotox-
icity of the tested herbicide.
Phytoremediation experiment of the atrazine-contaminated soil
The experiment was carried out under greenhouse conditions
with a sandy loam soil in pottery pots 20 cm diameter and
30 cm depth were ﬁlled with 2.0 kg soil. The potted soils were
watered with 500 ml of water/pot containing the appropriate
amount of atrazine (Gesaprim 90%WG) to obtain the concen-
trations of 0.5 and 1.0 mg a.i./kg soil. Maize seeds were sown
in the treated soils. After 15, 30, 45 and 60 days of treatment;
maize plants were cut and discarded. The treatments were as
follows:
1. Sterilized untreated unplanted soil.
2. Sterilized treated unplanted soil.
3. Sterilized treated planted soil.
4. Unsterilized untreated and unplanted soil.
5. Unsterilized treated unplanted soil.
6. Unsterilized treated planted soil.
The soils were passed through a 2 mm saved and divided
into two parts for bioassay on the most sensitive plant and
chemical analysis of atrazine residues in soils.
The effect of atrazine residues in soil on wheat
Samples of 50 g of soil were collected from all replicates of
treatments (50 g/replicate) and put in plastic pots (5 · 7 cm).
Then wheat seeds (4 seeds/pot) were sown in the plastic pots
after each period of maize discarding as mentioned before.
Pots were kept in growth chamber at 20 ± 2 C and were irri-
gated as needed. The lengths of shoot and root of wheat plants
were recorded after 7 days. The recorded data were used as
parameters to compare phytotoxicity of the tested herbicide
to sensitive plant as indication of the presence of atrazine in
the soil used in the absence and presence of tolerant plants.
Determination of atrazine residues in soils
Soil samples were taken from those previously treated with
atrazine, at 1.0 ppm, after 30 and 60 days from sowing of
maize plants. Fine particles were obtained by sieving through
a 2 mm sieve. Soil samples were weighed (50 g) and kept in
deep freezer for further analysis.
Recovery test. Untreated sample of soil used was spiked with
0.5 lg/ml prior extraction for recovery test. Sample was passed
through the entire process of extraction and chemical analysis.
Recovery percentage of atrazine at 0.5 lg/ml was 100%. The
obtained results were corrected according to the recovery
percentage.
Extraction of atrazine. The extraction of the soil samples (10 g)
was carried out by adding 50 ml methanol to atrazine-treated
soil in conical glass ﬂasks. The ﬂasks were covered and shaken
for one hour on a mechanical shaker. The mixtures were ﬁl-
tered through Whatman No. 1 ﬁlter paper. The ﬁlter paper
was washed with two 5 ml portion of methanol, and the wash-
ings were collected in the same ﬂask. The ﬁltrate was concen-
trated to near dryness. Residues of atrazine were determined
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Gas liquid chromatography determination. GLC Aglient 6890
was used for determining the residues of atrazine in unplanted
and planted soil. The column and operating conditions used
for herbicide determination were as follows:
a. Capillary column DB-17, 30 m · 0.32 mm (internal
diameter) · 0.25 lm ﬁlm thickness.
b. Operating conditions: Injector temperature 240 C,
detector temperature 320 C, oven temperature 220 C,
injector volume 1 ll, carrier gas was nitrogen; with ﬂow
rate of 3 ml/min. and retention time was 8.14 min.
The residues were calculated by applying the following
equation of (Mollhoff, 1975):
Residue ðng=llÞ ¼ Ps:B  V=Pst:G  C
where Ps is the sample peak area, B the amount injected of
standard solution (ng), V the ﬁnal volume of sample solution
(ml), Pst. the standard peak area, G the sample weight (g)
and C is the amount of sample solution injected (ll).
Results and discussion
Phytotoxicity
Results in Table 1 generally showed that, according to EC50
values, atrazine affected root of plants more than shoot. Maize
was the highest tolerant plant to atrazine among the other used
plants. The EC50 values of atrazine were 20.24 and 15.42 ppm
for shoot and root of maize, respectively. On the other hand,
wheat was highly sensitive plant to atrazine; EC50 values of
atrazine were 0.01 and 0.02 ppm for shoot and root, respec-
tively. This means that, the maize plant was 2024 (=20.24/
0.01) times tolerant than wheat to atrazine. The descending or-
der of tolerance of plants to atrazine was: maize, bitter lupine,
sweet sorghum, radish, sweet lupine, oat, soya bean and wheat.
Consequently, we used maize in the phytoremediation pro-
cess of soil contaminated with the tested herbicide. On the
other hand, wheat as the most sensitive plant was used in the
determination of herbicide residues in the contaminated soil.Table 1 Effect of atrazine on shoot and root lengths (cm) of
different seedlings after 7 day-period of application in water
agar medium.
Plants EC50
a (ppm)
Shoot Root
Wheat 0.01 0.02
Soya bean 0.14 0.30
Oat 1.83 0.61
Sweet lupine 3.88 2.08
Radish 8.22 4.73
Sweet sorghum 13.12 11.15
Bitter lupine 14.72 11.10
Maize 20.24 15.42
a EC50: Effective concentration of herbicide that gives 50%
reduction of shoot or root lengths of plants.The tolerance of plants to herbicides may be related to the
ability of plants to detoxify herbicides which depends on the
presence of certain detoxiﬁcation enzymes such as cytochrome
P-450s and glutathione-S-transferases (GST). Nemat Alla
(2000) cited that diminution of herbicide residues in maize con-
comitantly with increases in (GST) resulted in an enhanced
rate of their detoxiﬁcation. Also, Belford et al. (2004) showed
that cytochrome P-450s and glutathione-S-transferases consti-
tute two of the largest groups of enzyme families that are
responsible for detoxiﬁcation of exogenous molecules in
plants. Their activities vary from plant to another with respect
to metabolism and substrate speciﬁcity which is one of the rea-
sons for herbicide selectivity. Merini et al. (2009) found that
Lolium multiﬂorum, as a novel tolerant species, was able to ger-
minate and grow in the presence of 1 ppm of atrazine. The
authors showed that mechanisms of atrazine tolerance in-
volved mutation in psbA gene, enzymatic detoxiﬁcation via
cytochrome P450 or chemical hydrolysis through benzoxazi-
nones. It was demonstrated that atrazine tolerance is conferred
by enhanced enzymatic detoxiﬁcation via P-450. Due to its
atrazine degradation capacity in soil and its agronomical prop-
erties, L. multiﬂorum considered as candidate for designing
phytoremediation strategies for atrazine contaminated agricul-
tural soils.
Phytoremediation of atrazine-contaminated soil
Bioassay
Phytoremediation efﬁciency was veriﬁed by the bioassay tech-
nique, using wheat as biological indicator to the presence of
atrazine residues in the soil.
Data concerning the presence of atrazine residues in soil
after the phytoremediation by using wheat plant are tabulated
in Table 2. and illustrated in Figs. 1 and 2. The obtained results
were expressed as means of shoot and root lengths of wheat
after 15, 30, 45 and 60 days from maize sowing and 7 days
of wheat sowing in the same soil.
In general, the shoot and root lengths of wheat in the trea-
ted-soil previously planted with maize were signiﬁcantly taller
than the treated-unplanted soil (control). Likewise, the shoot
and root lengths of wheat in the unsterilized soil were taller
than the sterilized soil. For example, the shoot and root
lengths of wheat in sterilized-unplanted soil after 37 days of
treatments were 9.75 and 5.55 cm at 0.5 ppm and 9.65 and
5.15 cm at 1.0 ppm, respectively. Reduction percentage (%R)
of shoot and root length were reduced by 36.27% and
61.32% at 0.5 ppm and 36.92% and 64.11% at 1.0 ppm,
respectively, relatively to control. However, the corresponding
values of shoot and root lengths were 12.20 cm (%R; 20.26)
and 8.95 cm (%R; 37.63) at 0.5 ppm and 11.65 cm (%R;
23.85) and 7.32 cm (%R; 37.63) at 1.0 ppm, respectively, in
the sterilized-planted soil. On the other hand, the shoot and
root lengths of wheat in unsterilized-unplanted soil after
37 days of treatments were 10.37 cm (%R; 34.77) and
6.85 cm (%R; 54.02) at 0.5 ppm and 9.62 cm (%R; 39.49)
and 6.30 cm (%R; 57.71) at 1.0 ppm, respectively. While these
values of shoot and root lengths were 13.0 cm (%R; 18.23)
and9.92 cm (%R; 33.32) at 0.5 ppm and 12.32 cm (%R;
22.51) and 8.15 cm (%R; 45.30) at 1.0 ppm, respectively, in
the unsterilized-planted soil. Also, obvious from the data that;
the shoot and root lengths of wheat in the unsterilized-planted
Table 2 Effect of atrazine on lengths (cm) of wheat, grown in sterilized or unsterilized soil previously planted with maize, after 22, 37,
52 and 67 days of treatment.
Treatments of soil Concentrations
(ppm)
Mean of lengtha (cm)
Shoot after LSD at 5% Root after LSD at 5%
22 days 37 days 52 days 67 days 22 days 37 days 52 days 67 days
Sterilized and unplanted 0.0 15.50 15.30 15.87 15.30 1.11 14.05 14.35 14.25 14.55 2.01
0.5 7.80 9.75 10.40 12.10 2.35 5.15 5.55 6.50 7.55 1.84
1.0 7.35 9.65 9.95 10.85 1.46 4.30 5.15 6.02 7.07 1.51
Sterilized and planted
with maize
0.5 10.55 12.20 13.75 14.0 2.06 6.0 8.95 9.67 13.25 1.52
1.0 9.12 11.65 13.75 13.80 1.34 5.80 7.32 8.37 11.37 1.99
Unsterilized and unplanted 0.0 15.90 15.90 16.25 16.17 1.13 14.70 14.90 14.50 14.97 1.34
0.5 8.50 10.37 11.20 12.90 1.57 5.57 6.85 7.45 7.55 1.63
1.0 7.60 9.62 10.07 11.67 1.55 4.32 6.30 6.25 7.55 1.29
Unsterilized and planted
with maize
0.5 11.65 13.0 14.10 14.97 1.38 6.10 9.92 10.92 14.65 2.55
1.0 10.80 12.32 13.45 14.62 1.78 5.17 8.15 9.50 14.45 1.79
LSD at 5% 1.26 1.50 1.17 0.97 – 1.20 0.93 0.87 0.99 –
a Shoot or root lengths were measured from the shoot/root junction to the shoot or root tip.
Fig. 1 Effect of atrazine at 0.5 ppm (a) and 1.0 ppm (b) on shoot lengths of wheat, grown in sterilized or unsterilized soil previously
planted with maize, after 22, 37, 52 and 67 days of treatment.
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these data, the shoot and root length were 14.97 cm
(%R; 7.42) and 14.65 cm (%R; 2.13) at 0.5 ppm of
atrazine in the unsterilized-planted soil after 67 days of treat-
ment. While, the corresponding values of the shoot and
root lengths were 14.0 cm (%R; 8.49) and 13.25 cm(%R; 8.93), respectively in the sterilized-planted soil at the
same concentration.
Data in Table 2 also showed that increasing the age of
maize plant gradually increased the shoot and root lengths
of wheat in all treatments. For example, the shoot and root
lengths of wheat in the sterilized-planted soil after 22 days of
Fig. 2 Effect of atrazine at 0.5 ppm (a) and 1.0 ppm (b) on root lengths of wheat, grown in sterilized or unsterilized soil previously
planted with maize, after 22, 37, 52 and 67 days of treatment.
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at 0.5 ppm and 9.12 cm (%R; 41.16) and 5.8 cm (% R; 58.71)
at 1.0 ppm, respectively. However, the corresponding values of
shoot and root lengths were 14.0 cm (%R; 8.49) and 13.25 cm
(%R; 8.93) at 0.5 ppm and 13.80 cm (%R; 9.80) and 11.37 cm
(%R; 21.85) at 1.0 ppm, respectively, after 67 days of treat-
ments. As well as, the shoot and root lengths of wheat in the
unsterilized-planted soil after 22 days of treatments were
11.65 cm (%R; 26.72) and 6.10 cm (%R; 58.50) at 0.5 ppm
and 10.80 cm (%R; 32.07) and 5.17 cm (%R; 64.82) at
1.0 ppm, respectively. While, these values of shoot and root
lengths were 14.97 cm (%R; 7.42) and 14.65 cm (%R; 2.13)
at 0.5 ppm and 14.62 cm (%R; 9.58) and 14.45 cm (%R;
3.47) at 1.0 ppm, respectively, after 67 days of treatments.
The present results indicated that the lengths of wheat plant
in atrazine-contaminated unplanted soil were signiﬁcantly
shorter than in atrazine-contaminated planted soil with maize.
This means that atrazine disappeared more quickly in the soil
with the presence of maize. Our data agree with many authors.
Miller et al. (1997) monitored the degradation of 14C-atrazine
using sterile and non-sterile soil microcosms. The calculated
half-lives of atrazine were 3.6 and 6.2 weeks in non-sterile
and sterile surface samples (0–5 cm), respectively. At the sur-
face, after 22 weeks, bound residues accounted for 60% of
the recovered radioactivity while 36% was recovered as
14CO2, indicating signiﬁcant cleavage of the triazine ring. Aswell as, Kruger et al. (1997) determined the fate of atrazine
in pesticide-contaminated soils from agrochemical dealer sites.
They found that plants had a positive impact on the dissipa-
tion of aged atrazine in soil, with signiﬁcantly less atrazine
extractable from Kochia-vegetated soils than from non-vege-
tated soils. Additionally, (Wen et al., 2004) investigated the
degradation of aldicarb in sterile, non-sterile and plant-grown
soils. They found that half lives (t1/2) of aldicarb in sterile and
non-sterile soil were 12.0 and 2.7 days, respectively. As well as,
Aldicarb disappeared more quickly in the soil with the pres-
ence of plants and t1/2 of the pesticide were 1.6, 1.4 and
1.7 days in the soil grown with corn, mung bean and cowpea,
respectively.
Chemical analysis
The chemical analysis was conducted to conﬁrm the results ob-
tained from bioassay experiments. Persistence of atrazine in
the soil was estimated by determining the residue of atrazine
using GLC after 30 and 60 days from sowing of maize. Data
concerning the detected amounts of atrazine residues in soil
after the phytoremediation by the mentioned plant were tabu-
lated in Table 3 and illustrated in Fig. 3. The data indicated
that residues of atrazine were less in the soil planted with maize
compared with unplanted soil. Furthermore, the residues of
atrazine in soil decreased with increasing of the age of maize
Table 3 Residues of atrazine in sterilized unplanted and planted soil, and unsterilized unplanted and planted soil with maize after 30
and 60 days of treatment.
Initial concentration (ppm) Treatments of soil Time after treatment
30 days 60 days
Residuea % Persistence Residue % Persistence
1.0 Sterilized unplanted 0.99 99 0.38 38
Sterilized planted with maize 0.14 14 0.09 9
Unsterilized unplanted 0.71 71 0.26 26
Unsterilized planted with maize 0.10 10 0.03 3
a Residues were determined by Gas Liquid Chromatography (GLC).
Fig. 3 Residues of atrazine (at 1 ppm) in sterilized unplanted and planted soil (a) and unsterilized unplanted and planted soil (b) with
maize after 30 and 60 days of treatment.
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tions of atrazine, i.e., 0.99 and 0.14 ppm (which remained from
1.0 ppm) were detected in sterilized unplanted or planted soil
with maize after 30 days of sowing, respectively. Such amounts
have been demonstrated that the persistence percentage were
99% and 14% respectively. While these values, were
0.38 ppm (38% persistence) and 0.09 ppm (9% persistence)
in sterilized unplanted and planted soil with maize after
60 days of sowing, respectively. Oppositely, the residues of
atrazine in unsterilized soil were 0.71 ppm (71%) and
0.10 ppm (10%) in unplanted and planted soil after 30 days
of sowing the tolerant plant. While, residues of atrazine were
0.26 ppm (26%) and 0.03 ppm (3%) in unsterilized unplanted
and planted soils after 60 days of sowing, respectively. Obvi-
ously, atrazine was disappeared at a faster rate in the contam-
inated soil planted with maize than the unplanted soil. The
same trend of results was reported by Neera et al. (2004)
who studied the ability of Pennisetum clandestinum to degrade
of atrazine and simazine in soil. They found that both atrazine
and simazine were degraded at a faster rate in contaminated
soil planted with P. clandestinum than the unplanted soil.
Within 80 days, nearly 45% and 52% of atrazine and simazine,
respectively, were degraded in soil planted with P. clandesti-
num while only 22% and 20% of the respective herbicide were
degraded in the unplanted soil.
It is clear from our results that, maize can be a potential
candidate to remediate atrazine-contaminated soil because of
its ability to metabolize of atrazine. This agrees with many
studies (Raveton et al., 1997; Myriam et al., 2001; Marcacci
et al., 2006; Merini et al., 2009). For instance, Myriam et al.(2001) used maize seedlings to metabolize of atrazine. Their re-
sults showed that maize seedlings metabolize atrazine readily
in three ways. Two of them are catalyzed by enzymes and an-
other is purely chemical. Their work demonstrates that the
chemical pathways leading to the formation of the inactive
OH-2-atrazine was the pre-eminent from of metabolism inside
the root and during the ﬁrst week, inside the leaves. As shown
by the kinetics of accumulation of the benzoxazinones respon-
sible for this metabolism, a high potential of atrazine hydrox-
ylation remains effective inside the leaves for at least 1 month.
The formation of a glutathione–atrazine conjugate due to the
activity of glutathione-S-transferase (GST) isoenzyme, repre-
sent only a very small part of the total GST in maize. It is
mostly present in the aerial part and is highly effective only
after a 1 week culture.
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